ABSTRACT Gamma-ray bursts (GRBs) and their afterglows at high redshifts have been widely believed to be detectable. Here we analyze a new feature of the MeV spectra of high-redshift GRBs, which is unlikely to appear in low-redshift GRBs. We generally discuss high-energy emission above a few decades of GeV due to synchrotron self-Compton scattering in the internal shock model. Our discussion seems to be supported by the high-energy spectra of several low-redshift GRBs. However, if GRBs originate at high redshifts (e.g., z ∼ > 6), such photons cannot be detected because they may collide with cosmic optical and ultraviolet background photons, leading to electron/positron pair production. We show that inverseCompton scattering of the resulting electron/positron pairs off cosmic microwave background photons will produce an additional multi-MeV component, resulting thus in a spectral "bump". We also derive the scattered photon spectrum of such a bump, ν −(p+6)/4 , where p is the index of the electron energy distribution behind internal shocks. This is slightly harder than the synchrotron photon spectrum in the internal shock model, ν −(p+2)/2 . The lower energy emission property of this bump is dependent on the spectral energy distribution of the starlight background radiation. Therefore, future observations on the MeV spectral bump of high-redshift GRBs would provide a probe of the earliest starlight background radiation as well as the first star formation.
INTRODUCTION
Gamma-ray bursts (GRBs) and their afterglows at high redshifts are of particular interest based on the following reasons. First, considerable evidence, e.g., the observed association of long-duration GRBs with star forming regions (Djorgovski et al. 2001) , the direct relation of GRB 980425 with the supernova 1998bw (Galama et al. 1998) , the detections of a supernova-like component in several afterglows (Bloom et al. 1999; Reichart 1999; Galama et al. 2000) , the observations of iron lines (Amati et al. 2000; Piro et al. 2000; Antonelli et al. 2001) , and the revelation of wind-like or high-density environments of some GRBs (Dai & Lu 1998 Chevalier & Li 2000) , indicates that the progenitors of long-duration GRBs are massive stars. It is thus natural to expect that the GRB rate tracks the cosmic star formation rate up to the redshift of z ∼ 20 (Wijers et al. 1998; Totani 1999; Blain & Natarajan 2000) , at which the first generation of stars may have formed (Barkana & Loeb 2001) . Furthermore, a recent calculation of the redshift distribution of GRBs by Bromm & Loeb (2002) shows that a significant fraction (≥ 50%) of all GRBs on the sky originate at a redshift of z ≥ 5. Therefore, counts of abundant GRBs at high redshifts may be used to measure directly the earliest star formation rate (Rhoads 2001) . Second, GRB afterglows also provide a unique probe of the high-redshift universe (Lamb & Reichart 2000; Ciardi & Loeb 2000) . In particular, since GRB afterglows are in general intrinsically brighter either at higher frequencies or at earlier times, they have an almost constant observational infrared flux with increasing redshift at a fixed observed time after the GRB trigger. This implies that afterglows at very high redshifts may be more favorable in probing the high-redshift universe than other objects (e.g., galaxies and quasars) (Ciardi & Loeb 2000) .
In this Letter we suggest a new way of probing the earliest starlight background radiation as well as the first star formation by observing a "bump" in the MeV spectra of high-redshift GRBs. The observed spectra of low-redshift GRBs sometimes extend to very high photon energies. For example, the EGRET experiment detected an 18 GeV photon from GRB 940217 (Hurley et al. 1994) , and the Milagrito air shower experiment tentatively detected the TeV emission from GRB 970417a (Atkins et al. 2000) . These GRBs might have originated at low redshifts (z < 2) (Salamon & Stecker 1998; Totani 2000) . In §2 we generally discuss high-energy emission above a few decades of GeV due to synchrotron self-Compton scattering in the internal shock model. If GRBs occur at high redshifts (e.g., z ∼ > 6), such high-energy photons cannot be detected because they may be absorbed in interacting with the cosmic optical and ultraviolet background radiation, which depends on the star formation at higher redshifts (Salamon & Stecker 1998; Primack et al. 2001; Oh 2001; Hartmann et al. 2002) . In §3 we show that inverse-Compton scattering of the resulting electron/positron pairs off cosmic microwave background (CMB) photons will produce additional multi-MeV emission, leading thus to a "bump" in the MeV spectra of GRBs. The lower energy emission property of this bump is determined by the spectral energy distribution of the starlight background radiation, while the ratio of the bump to synchrotron component flux depends on the internal shock parameters (see a discussion in §4). Therefore, future observations on such a bump in the MeV spectra of high-redshift GRBs may not only be used to probe the first star formation but may also give constraints on some model parameters. 1
HIGH-ENERGY RADIATION FROM INTERNAL SHOCKS
We consider a compact source (e.g., collapsar from a massive star) producing a wind with an average luminosity of L and with an average mass loss rate ofṀ = L/ηc 2 . Initially, the bulk Lorentz factor of the wind, Γ, increases linearly with radius, until most of the wind energy is converted to kinetic energy and Γ saturates at Γ ∼ η. After this time, fluctuations of Γ due to variabilities in L and/oṙ M on time scale ∆t could lead to internal shocks in the wind at radius R ∼ Γ 2 c∆t. We assume all these quantities to be measured in the local rest frame at a redshift of z. We also assume that the internal shock Lorentz factors Γ i ∼ a few in the wind rest frame, so that the internal shocks could reconvert a significant fraction of the kinetic energy to internal energy, which is then emitted as γ-rays by synchrotron and inverse-Compton (IC) radiation of the electrons accelerated by the shocks.
The comoving electron number density of the unshocked wind matter at radius R is n ′ e = L/(4πΓ 6 ∆t 2 m p c 5 ), where m p is the proton mass. The internal energy density of the shocked wind matter is thus approximated by Blandford & McKee 1976 ). The electron energy distribution behind the shocks is usually a power law: dn e /dγ e ∝ γ −p e for γ e ≥ γ m . Assuming that ǫ e and ǫ B are constant fractions of the internal energy density going into the electrons and the magnetic field respectively, we obtain the minimum electron Lorentz factor
where m e is the electron mass) and the magnetic field strength of the shocked wind matter
−2 , Γ 500 = Γ/500, L 52 = L/10 52 erg s −1 , and ∆t −2 = ∆t/10 −2 s. Thus, we estimate the characteristic frequency (in the local rest frame) of synchrotron radiation from the shock-accelerated electrons,
−2 Hz, where ǫ e,0.5 = ǫ e /0.5. According to Sari, Piran & Narayan (1998) , the cooling Lorentz factor γ c ≪ γ m for typical parameters of the internal shock model, implying that the shockaccelerated electrons are in the fast cooling regime. Therefore, the synchrotron spectral luminosity in the local rest frame is
where h is Planck's constant and N ν is the synchrotron photon number per unit frequency in ∆t. Although GRBs are optically thin to electron scattering, some synchrotron photons will Compton scatter on the shock-accelerated electrons, producing an additional IC component at higher energies (Papathanassiou & Mészáros 1996; Pilla & Loeb 1998; Panaitescu & Mészáros 2000) . The ratio of the IC to synchrotron radiation luminosity can be estimated by
where we have assumed that ǫ e ≫ ǫ B and the radiating electrons are in the fast cooling regime ( Since the characteristic IC frequency ν
−2 Hz, the ratio of the IC spectral luminosity at ν
, and the ratio of the IC to synchrotron photon number per unit frequency in ∆t is further given by
The intrinsic cutoff energy in the IC component is de-
, where E IC KN is the KleinNishina limit and E in 0 is the energy at which a photon may be attenuated due to pair production through interactions with softer photons (also radiated from the internal shocks) whose frequency is equal to or larger than ν an = (Γm e c 2 ) 2 /(hE in 0 ). We first estimate E IC KN . There is the maximum Lorentz factor γ M in the electron energy distribution behind the shocks due to the fact that the shock-acceleration time cannot exceed the cooling time.
where e is the electron charge and σ T is the Thomson cross section. Thus, we obtain the Klein-Nishina limit E
, we adopt an analytical approach proposed by Lithwick & Sari (2001) . Integrating the synchrotron spectral luminosity over frequency should lead to the total synchrotron luminosity, which further gives the synchrotron photon number per unit frequency at ν m :
L∆t. The total synchrotron photon number at frequencies larger than ν can be estimated by
The requirement that τ in γγ = 1 leads to the upper energy limit
where the numerical value is quoted for p = 2.2. It is easy to see that E IC KN ≫ E in 0 for typical parameters and thus the intrinsic cutoff energy is in fact given by equation (5).
PAIR PRODUCTION AND RERADIATION IN COSMIC BACKGROUND FIELDS
High-energy γ-rays emitted from the internal shocks may not only be intrinsically attenuated due to pair production through interactions with softer photons from the same radiation regions but may also be absorbed in the external background radiation fields when these γ-rays travel towards the observer. In the latter case, the observed cutoff energy, E ob cut , is determined by the redshift (z) and comoving energy, ε γ (z), of the background photons that dominate the pair production optical depth (τ ex
2 ) 2 /(1 + z). At low redshifts, the spectral energy distribution of the starlight background radiation peaks at infrared wavelengths and thus E ob cut is in the TeV energy range (Salamon & Stecker 1998) . At high redshifts, however, the optical and UV photons in the local rest frame dominate the starlight background radiation and therefore E ob cut moves to the multi-GeV energy band (Primack et al. 2001; Oh 2001) . Detailed predictions of E ob cut differ from model to model, depending on the theoretical treatment adopted for the earliest star formation. For example, the observed cutoff energy when τ ex γγ = 1 for z = 6 is 4 GeV ∼ < E ob cut ∼ < 5 GeV for different models used in Primack et al. (2001) .
The pair production optical depth, τ ex γγ , strongly depends on the γ-ray energy (E ob γ ). Primack et al. (2001) investigated the optical depth for the star formation models with different initial mass functions, and in particular, they numerically calculated the γ-ray attenuation edge (z) as a function of the photon energy for several fixed optical depths by considering the Kennicutt initial mass function, shown in their = E ob 0,7 × 7 GeV is the minimum energy (in the observer's frame) of photons that are locally attenuated. It is interesting to note that E ob 0 is close to E ob cut (Primack et al. 2001) . The pairs will Compton scatter the CMB photons. As a result, the initial energy of a microwave photon, hν 0 , is boosted by IC scattering up to an average value
2 MeV, where hν 0 = 2.7kT 0 is the observed mean energy of the CMB photons with T 0 ≃ 2.7 K and k is the Boltzmann constant. The IC lifetime (in the local rest frame) of an electron with Lorentz factor of γ e reads τ (γ e , z) = 3m e c 4γ e σ T u cmb ≤ 6.4 × 10
where u cmb = aT 4 is the CMB energy density with T = (1 + z)T 0 and a is the radiation constant. It is not difficult to find from this estimate of the IC lifetime that the travelling length of the electron/positron pairs, ∼ cτ (γ e , z), is much less than the Hubble distance, implying that IC scattering is also local. The corresponding lifetime after the GRB trigger in the observer's frame is
This time is close to or smaller than typical durations of GRBs, and thus the scattered photons will reach the observer during the typical period of a GRB explosion. We have noted that our IC lifetime in equation (7) is much less than that of Cheng & Cheng (1996) , who substituted τ (γ e , z ≃ 0) with the luminosity distance divided by the speed of light in discussing a similar case of low-redshift GRBs. We next derive the scattered photon spectrum. From equations (1)- (3), we first write the spectrum of the electrons and positrons as follows
where
. The scattered photon number per unit frequency in the local rest frame is given by (Blumenthal & Gould 1970, hereafter BG70 )
where dN γe,ǫ /dt ′ dν, expressed by equation (2.42) of BG70 in the Thomson limit, is the spectrum of photons scattered by an electron with Lorentz factor of γ e from a segment of the CMB photon gas of differential number density n(ǫ)dǫ, and t ′ is measured in the local rest frame. Please note that the scattered photon number per unit frequency given by equation (9) is time-independent by multiplying τ (γ e , z) in equation (2.61) of BG70. After integrating over γ e and ǫ, we obtain the ratio of the scattered to synchrotron photon number per unit frequency
where F (p) is a function ofp = (p + 4)/2 (see equation [2.66] and Table 1 of BG70) . Therefore, the scattered photon spectrum becomes
This prompt emission spectrum is superposed over the internal shock emission spectrum. The lower energy limit of the scattered photons is
MeV, while the upper energy limit is hν 2 ∼ γ 2 max (2.7kT ) ≃ 110ǫ −2(2p−3)/p e,0.5
We now consider a simple example. The typical parameters of the internal shock model are taken: ǫ e,0.5 = ǫ B,−2 = L 52 = ∆t −2 = Γ i /2 = 1, Γ 500 = 1.2 and p = 2.2. Furthermore, E ob 0,7 = 1 at z = 6 is assumed. Therefore, we obtain hν 1 ∼ 11 MeV and hν 2 ∼ 0.92 GeV. From equation (10), we further find N sc ν /N ν increases from ∼ 4.5 to ∼ 5.6 when the observed energy of the scattered photons increases from ∼ 1.6 MeV to ∼ 0.13 GeV. This leads to an additional multi-MeV emission component, producing a "bump" relative to the spectrum of synchrotron radiation from the internal shocks.
DISCUSSION AND CONCLUSIONS
We have discussed high-energy emission from the internal shocks, which are produced by collisions between shells with different Lorentz factors in an ultrarelativistic wind ejected from the central engine of GRBs. Such emission may arise from synchrotron self-Compton scattering in the internal shocks. We derived the intrinsic cutoff energy due to pair production through interactions of high-energy photons with softer photons from the same radiation regions. Our intrinsic cutoff energy is consistent with the observed spectra of low-redshift GRBs such as GRB 940217 and GRB 970417a. However, if GRBs originate at high redshifts, another cutoff energy appears in their γ-ray spectra. This cutoff results from interactions of high-energy photons with external cosmic optical and ultraviolet background photons, whose spectral energy distribution depends on the earliest star formation. The electron/positron pairs produced during such interactions own a significant fraction of the explosion energy and they will Compton scatter the CMB photons. The resulting emission will be able to reach the observer in a typical GRB duration. We also derived the scattered photon spectrum N sc ν ∝ ν −(p+6)/4 . This is slightly harder than the internal shock emission spectrum, N ν ∝ ν −(p+2)/2 . For typical parameters of the internal shock model, the observed energies of the scattered photons are in the multiMeV range, and the ratio of the scattered to synchrotron photon number per unit frequency, N sc ν /N ν , is typically a few. Therefore, there could be a "bump" due to the contribution of these scattered photons in the MeV spectra of high-redshift GRBs.
Of course, whether or not this bump appears in the spectrum of a GRB at redshift of z depends on both the parameters of the internal shock model and on the redshift. Some parameters (e.g., L, ǫ e and ǫ B ) adopted in this Letter are consistent with detailed fits to the multiwavelength data of a few afterglows (Wijers & Galama 1999; Freedman & Waxman 2001; Panaitescu & Kumar 2002) . Two other parameters (e.g., p and ∆t) are consistent with the BATSE observations (Preece et al. 2000) . The bulk Lorentz factor of the wind, Γ, is a crucial parameter because E in 0 is strongly dependent of Γ (see equation [5] ). The observed TeV emission from GRB 970417a requires that Γ be equal to or larger than 700, provided that the other parameters are given in the simple example of §3. Furthermore, some arguments on the optical flash of GRB 990123 in the reverse shock model (Wang, Dai & Lu 2000; Soderberg & Ramirez-Ruiz 2002) show that Γ may be of the order of 10 3 . If Γ is close to or larger than 500, we can indeed see a bump in the multi-MeV spectrum of a high-redshift GRB. If Γ < 500, however, the intrinsic cutoff energy (E in 0 ) could be less than the external pairproduction minimum energy, E ex 0 = (1 + z)E ob 0 , at which a photon is locally attenuated through interaction with the starlight background radiation, so that there could not be the spectral feature discussed here, even at high redshifts. On the other hand, if GRBs occur at low redshifts, this feature may disappear, because E ex 0 is in the TeV range (Stecker, De Jager & Salamon 1992; Madau & Phinney 1996; MacMinn & Primack 1996; Malkan & Stecker 1998) and thus it may exceed E in 0 . The spectral feature discussed here will be detectable by next-generation γ-ray satellites such as the GammaRay Large Area Space Telescope (GLAST). In the Swift-GLAST era, a plenty of GRBs localized by the Swift satellite are expected to be at high redshifts, and their multiMeV to sub-TeV spectra will be detected by GLAST. Such simultaneous broadband observations, particularly on the spectral bump and high-energy cutoff, would provide a probe of the starlight background radiation in the highredshift universe. This in turn would help to constrain some of the most fundamental uncertainties (e.g., stellar initial mass functions) in physical models of the first star formation. In addition, the ratio of the bump to synchrotron component flux largely depends on ǫ e and ǫ B (see equation [10] ). Therefore, future observations on the bump would be further used to constrain these unknown model parameters.
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